Abstract: Commuting to and from work is one of the most important and regular routines using urban transport, being a major source for an increase in transport-related carbon dioxide (CO 2 ) emissions. In this study, we explore the characteristics of CO 2 emissions from commuter travel in Beijing from different perspectives. A bottom-up approach from a macro perspective is used to analyze recent changing trends of carbon emissions due to commuter travel modes in Beijing, and to identify the main sources of carbon emission increases that affect transportation. To identify CO 2 emission characteristics and influencing mechanisms in Beijing, the proportion of commuting modes, commuting distance, and commuting-related CO 2 emissions by Ring Roads was analyzed. The commuting-related CO 2 emission model, based on Tobit models from the microscopic perspective, was constructed to explore the main factors affecting CO 2 emissions of individuals/households. Results show that CO 2 emissions due to commuting in Beijing in recent years has presented an increasing trend. In 2014, the amount of CO 2 emissions from commuters had already reached the level of 553.68 × 10 4 t, with CO 2 emissions generated by car trips accounting for 75-80% of emissions. Average individual/household commuting-related CO 2 emissions on the Ring Road inside the main urban areas of Beijing shows a gradual increasing trend, with the growth trends between the 3rd-5th Ring Road being the largest. Household locations separated by Ring Roads and the occupation type of residents are important factors affecting CO 2 emissions. Commuters with access to a car, those having a higher income, and those located in the outer regions of the main urban areas produce more CO 2 emissions. To reduce the increasing trend of CO 2 emissions in Beijing, it is important that the government accelerates the development of public transport, industry, and residential facilities along the outskirts of the city, along the Ring Road, and along the radix road.
Introduction
Since the start of the 21st century, investigations on climate change due to global greenhouse gas (GHG) emissions have increased. Carbon dioxide (CO 2 ) is of the most significant greenhouse gas, accounting for about 65% of the total GHG emissions [1] . One of the main sources of carbon emissions are cities, these being important areas for population and production. Findings by the International Energy Agency (IEA) indicate that the transport sector is a major emitter of global carbon emissions. Research by CICERO (Centre for International Climate and Environmental Research-Oslo) in 2008 showed that CO 2 emissions have increased by 13% over the last 10 years, with emissions associated to transport being as high as 25% [2] . In 2014, transport emissions accounted for 23% of the global CO 2 emissions, of which urban traffic is one of the major contributors. In 2016, China promised to curb carbon emissions, with peak emissions being reached around 2030, after which emissions per unit of GDP levels will decline by 60-65% compared to 2005 levels. To achieve these goals, significant changes are needed in the transport industry; the implementation of a sustainable transport model can increase carbon emission reduction efficiency on a city level. As the largest economy in the developing world, China is experiencing rapid economic growth and urbanization, which is coupled with a substantial increase in motorization. From 2002 to 2007, domestic transport emissions steadily increased in China at a rate of more than 10% each year. Continued development and urbanization is expected to result in a continual increase in household car ownership. As a result, CO 2 emissions from transport will correspondingly increase. Current and future transport growth and related emissions pose a significant challenge for policy makers aiming to reduce emissions in China.
Substantial spatial expansion has resulted in an increase in the demand for commuting and non-work travel [3] [4] [5] [6] . Travel according to travel purposes can be divided into several types, such as commuting, shopping, leisure, etc. According to the analysis of trip destinations undertaken in Beijing, commuting accounts for more than 50% of total trips, while the ratio of morning and evening peak commuting trips in the 6th Ring Road accounts for 60% of all commuter trips [7] . Among these, commuting trips occur regularly with a high frequency (at least twice each day for every commuter), thus emissions connected to commuting accounts for an important part of total travel emissions [8] [9] [10] [11] [12] [13] [14] . In cities in China, commuting times are also significantly concentrated and traffic is often congested. A significant volume of research has been undertaken that investigates methods for estimating the quantity of and analyzing the characteristics of and mechanisms for carbon emissions on the macro (from global to local) scale [15] [16] [17] [18] [19] . At the micro (household) level, studies of household carbon emissions have addressed the impact of demographic and socioeconomic factors, and changing consumption patterns [20] [21] [22] [23] . Previous studies found that the quantity of CO 2 emissions from transport was associated with varying levels of a household's age, income, and size. Households with middle-aged people produce more transport-related CO 2 emissions than those of other age groups [23] [24] [25] . Household income and size were also key factors in determining household travel, which impacted the level of transport-related CO 2 emissions [26] . People with high-incomes were found to emit more transport-related CO 2 emissions than those with low incomes [22] [23] [24] [25] [26] [27] [28] . Households with access to a car produce more transport-related CO 2 emissions than those without cars [23] [24] [25] [26] 29] , and people with higher education qualifications produced more transport-related CO 2 emissions than those with lower education qualifications [22] . Apart from this, occupation type is also an indicator of transport-related CO 2 emissions.
However, evidence of the distribution and composition of CO 2 emissions associated to commuting using Ring Roads in Beijing from travel activity at the disaggregate (i.e. individual, household) level is lacking. There is some evidence that while mode choice, household income, employment status, housing tenure, and car availability are significantly and strongly associated with overall emissions, factors related to accessibility, household location by Ring Roads, and gender are not controlled for by key demographic and socio-economic factors. Due to the regular and high frequency of commuting, commuting-related emissions make up an important part of travel emissions. However, research on factors influencing commuting-related CO 2 emissions is still relatively insufficient. It is therefore important to reduce CO 2 emissions associated with commuting to reduce carbon emissions of the transportation development in Chinese cities and global climate change mitigations. Beijing is a typical, single-centered, big city in China. With an increase in commuting distance and time, the average annual transport-related carbon emissions will increase year by year. Therefore, as Beijing develops and increases in size, it is important to address urban traffic congestion in the background of the post-Olympic era, how to reduce transport distances and time for residents, how to reduce transportation energy consumption, and how to reduce carbon emissions associated with transport.
In this paper, we initially use a bottom-up approach from a macro perspective to analyze changing trends of carbon emissions associated to commuter travel in Beijing in recent years, and to identify the main sources of carbon emissions from transport. To explore influencing mechanisms, we will then analyze the proportion of commuting modes, the commuting distance, and commuting-related CO 2 emissions associated with Ring Roads in Beijing. At the same time, we will construct a commuting-related CO 2 emission model based on Tobit models from the microscopic perspective to explore the main factors affecting CO 2 emissions of individuals/households.
The rest of this paper is organized as follows. Section 2 describes the study area, the data source, and the methodology in the paper. Results of urban transport carbon dioxide (CO 2 ) emissions; characteristics and influence mechanisms are analyzed and discussed in Section 3. Conclusions are provided in the final section.
Materials and Methodology

Study Area
Beijing, the capital city and one of the most dynamic economic centers in China, is located in the east of the country (115.7 • -117.4 • east and latitude 39.4 • -41.6 • north). Beijing covers an area of 16,411 km 2 and has a gradual altitude decline from the northwest to the southeast. There are 14 districts and two counties in the administrative district of Beijing ( Figure 1) . The permanent population of Beijing increased from 15.4 to 21.7 million between 2005 and 2015, of which approximately 86.5% are situated in urban areas. GDP in Beijing increased from 696.9 to 2301.5 billion CNY over the same period [30] .
Population and employment densities in Beijing decrease from the core areas to the outside regions. Inside the inner area (approximately inside the 2nd Ring Road), the population density is about 2.39 × 10 4 people/km 2 . Beijing city sprawls from the 2nd Ring Road to the 6th Ring Road, with Tiananmen Square as the city center. Famous historical heritage buildings are also located in this region. Strong industry development has occurred in the central area and in the northern part of Beijing. The government in Beijing has been proactive in prioritizing and developing transit in the city, thus public transport services are of a high quality compared to other systems in the developing world. In 2014, the public transport system catered for 45.0% of travel in Beijing and 48.0% of travel in the core urban area. related CO2 emissions associated with Ring Roads in Beijing. At the same time, we will construct a commuting-related CO2 emission model based on Tobit models from the microscopic perspective to explore the main factors affecting CO2 emissions of individuals/households. The rest of this paper is organized as follows. Section 2 describes the study area, the data source, and the methodology in the paper. Results of urban transport carbon dioxide (CO2) emissions; characteristics and influence mechanisms are analyzed and discussed in Section 3. Conclusions are provided in the final section.
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Study Area
Beijing, the capital city and one of the most dynamic economic centers in China, is located in the east of the country (115.7°-117.4° east and latitude 39.4°-41.6° north). Beijing covers an area of 16,411 km 2 and has a gradual altitude decline from the northwest to the southeast. There are 14 districts and two counties in the administrative district of Beijing ( Figure 1) . The permanent population of Beijing increased from 15.4 to 21.7 million between 2005 and 2015, of which approximately 86.5% are situated in urban areas. GDP in Beijing increased from 696.9 to 2301.5 billion CNY over the same period [30] .
Population and employment densities in Beijing decrease from the core areas to the outside regions. Inside the inner area (approximately inside the 2nd Ring Road), the population density is about 2.39 × 10 4 people/km 2 . Beijing city sprawls from the 2nd Ring Road to the 6th Ring Road, with Tiananmen Square as the city center. Famous historical heritage buildings are also located in this region. Strong industry development has occurred in the central area and in the northern part of Beijing. The government in Beijing has been proactive in prioritizing and developing transit in the city, thus public transport services are of a high quality compared to other systems in the developing world. In 2014, the public transport system catered for 45.0% of travel in Beijing and 48.0% of travel in the core urban area. The most commonly used method for calculating transport-related CO 2 emissions was proposed by the IPCC (Intergovernmental Panel on Climate Change). There are two methods to calculate transport CO 2 emissions worldwide. The first calculation method is a "top-down" method based on energy consumption during travel, which is multiplied by the CO 2 emission factors of that energy according to IPCC guidelines. This method mainly relies on statistical data released by the region's energy-related departments. The second calculation method is a "down-top" method that multiplies individual travel distances with CO 2 emission factors of the travel mode. In general, these two methods have their own advantages and disadvantages. Although fuel emission coefficients of method one are relatively authoritative and accurate, it is important to know in advance the type of fuel consumed by various transport modes and their consumption in the specific calculation process. Results from this method only provide direct carbon emissions of various transport modes, and CO 2 indirect emissions during production processes for fuels (such as gasoline, diesel, electricity, etc.) are not accounted for. The second method is relatively flexible, simple, distinct, and widely used. As our study mainly focuses on urban CO 2 emissions associated with commuting, the down-top method is therefore most suitable. However, the key point of this method is the calculation of CO 2 emission factors for every mode of travel. Although previous studies have calculated these factors [31, 32] , emission factors calculated for other cities cannot be used in this study as: (1) Emission factors are strongly associated with vehicle type, passenger loadings, engine size, etc. [33] , all of which differ in different regions; and (2) vehicle passenger loadings of public transport are higher at peak hours than at off-peak hours in Chinese cities, thus making emission factors of commuting significantly different from travel at other times. It is therefore important to calculate the factors in this study when local CO 2 emission factors for Beijing could not be acquired from public research.
Methodology
Calculation of Commuting Distance for Each Mode of Transport
The mode of urban transport is mainly composed of three parts: Public transport, motorized transport, and non-motorized transport. Public transport mainly comprises buses, taxis, and rail transport (subway). Motorized transport includes private cars, motorcycles, other private buses, and social vehicles (those owned by government agencies, social organizations, enterprises, and institutions); non-motorized transportation includes assisted vehicles and bicycles. According to the statistical caliber of the acquired data and the focus of the research, the urban transport modes in this study were mainly divided into public buses (electric), rail transport (subway), taxis, cars, bicycles, and other (shuttle bus). Mileage for the various modes of transport (S i ) was calculated by the amount of traffic, the proportion of various modes of travel (the mode of travel), and the distance traveled by various modes of transport. S i was calculated as:
where S i is the trip distance for each mode (10,000 people·km), N is the amount of traffic (10,000 people), F i is the proportion of various modes of travel (%), and L i is the trip distance of each mode (km).
As we needed to calculate the commuting-related CO 2 emissions, it was necessary to calculate the mileage of urban commuter traffic. The mileage of various commuting modes of transport (CS i ) was calculated by the amount of commuting traffic, the proportion of various commuting modes of travel (the mode of travel), and the commuting distance traveled by various commuting modes of transport. CS i was calculated as:
where CS i is the commuting distance for each mode (10,000 people·km), N is the amount of traffic (10,000 people), C i is the proportion of commuting trips of the total traffic, CF i is the proportion of CO 2 emissions were calculated as the emission factor multiplied by the trip distance using the following equations:
where Q i is the CO 2 emission for each mode (10 4 t/y), Q is the total of the CO 2 emission (10 4 t/y), EF i is the CO 2 emission factor for the travel mode, and S i is the trip distance (km).
Calculation of CO 2 Emissions Factors for each Travel Mode
The CO 2 emission factors of the terminal vehicle is the key to measuring carbon emissions of different transport modes. The detailed calculation process was:
where EF i is the CO 2 emission factor for the travel mode (kg/(people· km)), CL i is fuel consumption per km (L/km) of the travel mode, ρ i is the fuel density (kg/L), q i is the energy calorific value (TJ/kg (terajoules per kilogram)), e i is the CO 2 emissions factor of the energy consumed by the individual travel mode (kg/TJ), and P i is the passenger loadings of the travel mode.
We can see that shortening the travel distance and lowering the emissions factors of the travel mode can obviously reduce emissions from the above formulas. At the same time, we should encourage new technologies to increase energy consuming efficiency and produce cleaner energies to lower emissions factors. Additionally, car sharing is effective to obviously reduce emissions, because it can increase passenger loadings. On the other hand, shortening the commuting distance is an efficient way for a CO 2 emissions reduction. The CO 2 emissions factors of Beijing that were calculated are displayed in Table 1 [34] . The energy consumption of various fuels and the CO 2 emission factor of energy consumption were derived from the IPCC [35] .
Equation (1)- (5) indicate that a reduction of the travel distance and a decrease in emission factors of the travel mode can significantly reduce emissions. However, the advent of new technologies to increase energy efficiency and produce cleaner energy should be incorporated to lower emission factors. As car sharing increases passenger loading, this is also an effective method to reduce emissions. However, reducing the commuting distance is also an efficient way to reduce CO 2 emissions. The calculated CO 2 emission factors for Beijing are shown in Table 1 [34] . The energy consumption of various fuels and the CO 2 emission factor of energy consumption were derived from the IPCC [35] . The Tobit model, a generalization of the Probit regression analyzing household durable consumer spending, is mainly based on the restricted type and interceptive regression model. This important analytical tool is widely recognized and used in economics. By using the Tobit model, it is possible to analyze the quantitative relationship between the dependent and independent variables to obtain a regression coefficient. At the same time, the relationship between the variables in a certain situation can be changed to make the value of the dependent variable nearly perfect. Since most studies are based on normal distribution analysis, the distribution of commuting-related CO 2 emissions between individuals and families in Beijing is equal to 1. If the distribution of the probability that an observation from an unobstructed population falls into the range of interest is amplified, the intercept point will be 0. The basic structure of the Tobit model is as follows [36, 37] :
The more general model structure is:
where:
where C is the intercepted of the value of Y * i . If we suppose ε i ∼ N(0, σ 2 ), then:
The possibility of the value of Y i is:
Furthermore, the following likelihoods function can be obtained:
, and the Log transformation can be obtained from the following equation:
Therefore, likelihood estimates of β and σ are available. Using this information, it is therefore possible to construct a commuting-related CO 2 emission model based on the Tobit model. The formula is as follows:
where Y i is a dependent variable (commuting-related CO 2 emissions between individuals and households), Y * i is a latent variable, X i is an independent variable, β is the coefficient, ε i is the random items, and N is the number of observations.
For personal commuting, the commuting-related CO 2 emissions of an individual was set as a dependent variable; car availability, household location by Ring Road, age of commuters, education level, and occupation type were independent variables. For household commuting, CO 2 emissions of households was set as a dependent variable, with car availability, monthly income, and household location by Ring Road set as independent variables.
Stata analysis software was used in this study to undertake parameter estimation, and to test the analysis of the resident commuting-related CO 2 emission regression model. This was undertaken by initially checking for outliers, which were sometimes deleted. Commuting distances <0.5 km (using cars, buses, shuttle buses, and taxis) and walking commuting distances >10 km were removed from samples to ensure that errors of subsequent analysis were minimal. Each variable (dependent variable and independent variable) was then imported into the Stata software; the significance of the independent variables was further analyzed. The upper limit of the significance level of the rejection of the null hypothesis was set to 10% in this study.
Data Sources
Data included in this study mainly derived from the report of the fourth and fifth comprehensive transport survey in Beijing, including the sub-reports on the topic of the ground bus survey and orbit investigation, the Beijing transport annual report, Beijing transport operation analysis report, and a survey questionnaire for commuter travel. Simple random sampling was implemented in each district and county of Beijing in 2014. Household surveys were carried out to collect data of commuting-related CO 2 emissions in Beijing. The statistical method applied in this study to determine the sample size was from Meyer and Miller [38] . The detailed calculation process was:
where R is the margin of error or precision (5%), P is the observed value of the proportion of commuting trips in the urban passenger transport system, and Z 1−(1/2)∂ is the standard normal statistic corresponding to the (1−∂) level. Based on the calculation method of Equation (13), the proportion of commuting trips in Beijing was 47.52%. To achieve a precision within ±5% (R = 0.05) of the real value for 95% of the time (∂ = 0.05), at least 1800 commuting trip observations in Beijing were needed. Survey results in our study included 1360 households and 1835 commuters, thus exceeding the minimum number of required observations. Our survey mainly included commuting mode, commuting distance, commuter's work place, household location, and housing tenure. At the same time, socio-economic characteristics of the individuals and households were also surveyed, including age, occupation type, educational background, car availability, and household income. The statistical results of the sampled households and individuals are shown in Table 2 .
The proportion of middle-aged commuters in the commuter trip survey between the ages of 30-50 was high; the proportions of young and older people (under 30 and greater than 50) were relatively low. Sample sizes in this survey met normal distributions. In terms of household income, the proportion of the median household monthly income was relatively high, while the proportion of monthly income below 3000 CNY and above 20,000 CNY was relatively low, therefore, satisfying a normal distribution.
In terms of education level, the proportion of commuters who graduated with a bachelor degree and college education was relatively large. In terms of the type of commuter's work unit, the proportion of commuters working in a company was relatively large. Compared with the statistical yearbook, the maximum and minimum errors were 8.5% and −3.5%, respectively, and the average error was 5.6%. The number of sample points in the sample household location by a Ring Road, in comparison with the statistical yearbook, had a maximum and minimum error −12.47% and 3.02% (the average being 7.6%). This analysis indicates that the number of sample points in this survey satisfies the minimum sample size requirements, and the spatial distribution of sample points was reasonable. This can therefore guarantee the reliability of the subsequent research. 
Results and Discussion
Annual Change of Commuting-Related CO 2 Emissions
By using traffic data (2005-2014) from Beijing, carbon emissions related to transport journeys were calculated based on the CO 2 calculation method ( Figure 2) . Results indicate that CO 2 emissions related to transport journeys recorded a trend of rapid growth. Annual carbon emissions increased with an annual growth rate of 6.6% (from 599.15 × 10 4 t in 2005 to 1065.49 × 10 4 t in 2014). The growth rate of carbon emissions from subways was the fastest, with an average annual growth rate of 24.9%. From the perspective of the proportion of carbon emissions for various transportation modes (Figure 3 ), carbon emissions generated by car trips was about 75-80%, this being the main source of transport-related CO 2 emissions in Beijing. However, with the implementation of a car lottery policy in Beijing to control the rapid growth of car ownership, coupled with the single and double number restrictions implemented since 2011, this ratio has recorded a downward trend in recent years, of which the rate of decline between 2010-2013 was the fastest. These measures affected car travel to a certain extent, and resulted in a decline in the proportion of carbon emissions. However, due to the large number of cars in the region, although there has been a certain degree of decline in recent years, it is still the dominant factor of transport-related CO 2 emissions. Taxis were the second major emission source, accounting for about 10-13% of total emissions. This ratio has also recorded a downward trend, from 12.6% in 2005 to 10.2% in 2014. Buses account for about 5-7% of total emissions, however, the percentage rose slightly from 5.3% in 2005 to 6.4% in 2014. Although the proportion of subways is relatively low in Beijing, this transport mode has recorded an increasing trend (0.8% in 2005 to 3.4% in 2014). Other travel modes (such as shuttle bus) account for a small percentage of total emissions, being around 1.0%. In general, total transport-related CO 2 emissions in Beijing are substantial, and the rate of increase is fast. According to the development situation of Beijing and analysis of residents' transport travel needs, due to the rapid expansion of the social economy, population, and urban scale in recent years, the demand of essential transport trips by urban residents will gradually increase as the urban population and scale increase. At the same time, with the economic development of the city and the diversified life of residents, the demand for non-essential transport travel by urban residents is also increasing. The increasing demand for urban transport travel can be reflected in the increase in the total amount of transport of urban residents. Expansion on the urban scale also increased the commuting distance by residents, resulting in a reduction in the proportion of residents walking and cycling. The rapid increase of urban motor vehicle ownership has resulted in a rising proportion of car trips, and the proportion of short-distance car travel has also rapidly increased. These factors exert significant pressure on the urban transport system, resulting in a large area of urban traffic congestion. The main form of transport by Beijing's residents is motorized travel, including cars and public transport. As a result, energy consumption of transport trips in Beijing is increasing; the rapid increase of energy consumption of cars is resulting in significant increases in carbon emissions. Car travel has therefore become the main source of CO 2 emissions related to commuting in Beijing. According to the development situation of Beijing and analysis of residentsʹ transport travel needs, due to the rapid expansion of the social economy, population, and urban scale in recent years, the demand of essential transport trips by urban residents will gradually increase as the urban population and scale increase. At the same time, with the economic development of the city and the diversified life of residents, the demand for non-essential transport travel by urban residents is also increasing. The increasing demand for urban transport travel can be reflected in the increase in the total amount of transport of urban residents. Expansion on the urban scale also increased the commuting distance by residents, resulting in a reduction in the proportion of residents walking and cycling. The rapid increase of urban motor vehicle ownership has resulted in a rising proportion of car trips, and the proportion of short-distance car travel has also rapidly increased. These factors exert significant pressure on the urban transport system, resulting in a large area of urban traffic congestion. The main form of transport by Beijing's residents is motorized travel, including cars and public transport. As a result, energy consumption of transport trips in Beijing is increasing; the rapid increase of energy consumption of cars is resulting in significant increases in carbon emissions. Car travel has therefore become the main source of CO2 emissions related to commuting in Beijing.
Characteristics of CO2 Emissions due to Commuting by Ring Roads in Beijing
Commuting modes, commuting distances, and the separation of individuals or households by Ring Roads has had an impact on CO2 emissions and their distribution characteristics. Therefore, to explore the influencing mechanisms, it is important to analyze the proportion of commuting modes using Ring Roads, the commuting distance, and commuting-related CO2 emissions by Ring Roads in Beijing.
The largest proportion of commuting modes by residents in Beijing is by car (exceeding 28.0%), with bus use being the second largest ( Figure 6 ). Due to the rapid development of the public transport system in recent years, the proportion of public transport has significantly improved. The proportion of people walking in the non-motorized mode has become less than those using bicycles. The commuting distance for the subway in Beijing is the greatest and the average commuting distance exceeds 18.0 km (18.1 km) , and it will increase in the future. The average commuting distance of shuttle buses, cars, and buses is more than 10.0 km. Taxis have a short commuting 
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Commuting modes, commuting distances, and the separation of individuals or households by Ring Roads has had an impact on CO 2 emissions and their distribution characteristics. Therefore, to explore the influencing mechanisms, it is important to analyze the proportion of commuting modes using Ring Roads, the commuting distance, and commuting-related CO 2 emissions by Ring Roads in Beijing.
The largest proportion of commuting modes by residents in Beijing is by car (exceeding 28.0%), with bus use being the second largest ( Figure 6 ). Due to the rapid development of the public transport system in recent years, the proportion of public transport has significantly improved. The proportion of people walking in the non-motorized mode has become less than those using bicycles. The commuting distance for the subway in Beijing is the greatest and the average commuting distance exceeds 18.0 km (18.1 km), and it will increase in the future. The average commuting distance of shuttle buses, cars, and buses is more than 10.0 km. Taxis have a short commuting distance, mainly due to taxis being concentrated in urban areas, therefore, making it easier for residents to travel short distances.
In recent years, the proportion of motorized commuting trips has increased in Beijing and become longer, resulting in an increase in CO 2 emissions. Results in Figure 7 indicate commuting-related CO 2 emissions by transport mode and the percentile of the population in Beijing. We found that CO 2 emissions related to commuting produced by cars contribute significantly more to total emissions, followed by shuttle buses; subway and buses have the lowest CO 2 emissions. This shows that the commuting mode in Beijing should shift from the current motorized commuter travel to low-carbon transportation in the future. This is an effective measure that can effectively control and reduce commuting-related CO 2 emissions.
Results for CO 2 emissions by percentile of the population related to commuting in Beijing (Figure 8) show that the total CO 2 emissions of household commuting trips were higher than individual commuting trips, having a difference of 1.38 kg. At the same time, a '70-20' emission rule was identified whereby the top 20% of high emitters produced 70% of the total emissions in Beijing. It was also identified that the change in commuting-related CO 2 emissions in Beijing (between 10% and 30%) was the largest (Figure 8 ). CO 2 emissions related to commuting between them was about 80% of the total emissions, and then the change rate gradually decreased. Therefore, future control of carbon emissions related to transport needs to focus on the high-carbon emission groups and reduce the high levels of commuting-related CO 2 emissions of individuals and households.
In recent years, the proportion of motorized commuting trips has increased in Beijing and become longer, resulting in an increase in CO2 emissions. Results in Figure 7 indicate commutingrelated CO2 emissions by transport mode and the percentile of the population in Beijing. We found that CO2 emissions related to commuting produced by cars contribute significantly more to total emissions, followed by shuttle buses; subway and buses have the lowest CO2 emissions. This shows that the commuting mode in Beijing should shift from the current motorized commuter travel to low-carbon transportation in the future. This is an effective measure that can effectively control and reduce commuting-related CO2 emissions.
Results for CO2 emissions by percentile of the population related to commuting in Beijing (Figure 8) show that the total CO2 emissions of household commuting trips were higher than individual commuting trips, having a difference of 1.38 kg. At the same time, a '70-20' emission rule was identified whereby the top 20% of high emitters produced 70% of the total emissions in Beijing. It was also identified that the change in commuting-related CO2 emissions in Beijing (between 10% and 30%) was the largest (Figure 8 ). CO2 emissions related to commuting between them was about 80% of the total emissions, and then the change rate gradually decreased. Therefore, future control of carbon emissions related to transport needs to focus on the high-carbon emission groups and reduce the high levels of commuting-related CO2 emissions of individuals and households. The proportion of commuting modes by Ring Roads and the average commuting distance ( Figure 9 ) indicate that the average commuting distance gradually increased, with commuters being locating further from the city center inside the 6th Ring Road. These results not only indicate an increase of the commuting distance in the central urban areas of Beijing, but also that the proportion The proportion of commuting modes by Ring Roads and the average commuting distance ( Figure 9 ) indicate that the average commuting distance gradually increased, with commuters being locating further from the city center inside the 6th Ring Road. These results not only indicate an increase of the commuting distance in the central urban areas of Beijing, but also that the proportion of the car mode use increased. In contrast, the percentage of car mode use outside the 4th Ring Road in Beijing recorded a decline. Sample analysis results indicate two reasons for this decline: Firstly, the decline may be related to the development of a better subway service outside the urban areas of Beijing. Secondly, the decline may also be related to the fact that the average household income outside the 4th Ring Road is lower than the average income of the whole sample set. The commuting distance between the 5th-6th Ring Road is the longest in the area and it has the largest percentage of metro-transport mode use. The proportion of residents who choose to use non-motorized modes of commuting has increased, especially outside of the 6th Ring Road, where commuting distances are short, and its proportion has reached more than 50%. Therefore, motorized commuting modes account for the smallest percentage, and the proportion of non-motorized commuting modes (walking and cycling) is the largest. of the car mode use increased. In contrast, the percentage of car mode use outside the 4th Ring Road in Beijing recorded a decline. Sample analysis results indicate two reasons for this decline: Firstly, the decline may be related to the development of a better subway service outside the urban areas of Beijing. Secondly, the decline may also be related to the fact that the average household income outside the 4th Ring Road is lower than the average income of the whole sample set. The commuting distance between the 5th-6th Ring Road is the longest in the area and it has the largest percentage of metro-transport mode use. The proportion of residents who choose to use non-motorized modes of commuting has increased, especially outside of the 6th Ring Road, where commuting distances are short, and its proportion has reached more than 50%. Therefore, motorized commuting modes account for the smallest percentage, and the proportion of non-motorized commuting modes (walking and cycling) is the largest. Results for commuting-related CO2 emissions by transport mode and Ring Roads in Beijing (Figure 10) indicates that CO2 emissions by each transport mode increased as the distance from the household to the urban center increased inside the main urban areas. On the whole, commutingrelated CO2 emissions by Ring Road are similar to the average commuting distance, which also records a gradual increase from the center of the city to the periphery, excluding outside the 6th Ring Road. CO2 emissions outside of the 6th Ring Road are lower than those in the urban areas. The Results for commuting-related CO 2 emissions by transport mode and Ring Roads in Beijing (Figure 10 ) indicates that CO 2 emissions by each transport mode increased as the distance from the household to the urban center increased inside the main urban areas. On the whole, commuting-related CO 2 emissions by Ring Road are similar to the average commuting distance, which also records a gradual increase from the center of the city to the periphery, excluding outside the 6th Ring Road. CO 2 emissions outside of the 6th Ring Road are lower than those in the urban areas. The increase of emissions from cars is the most significant, accounting for more than 60% of total emissions, indicating that cars are the main source of commuting-related CO 2 emissions on the Ring Road. As commuting distances are short outside the 6th Ring Road, the proportion of non-motorized commuting modes (walking and cycling) is therefore higher, thus commuting-related CO 2 emissions outside the 6th Ring Road are lower. The change trends of the average individual/household commuting-related CO2 emissions by Ring Road in Beijing are shown in Figure 11 . Average individual/household commuting-related CO2 emissions inside the main urban areas showed a gradual trend of growth. The growth trends of commuting-related CO2 emissions between the 3rd-5th Ring Road was the largest. Average individual/household commuting-related CO2 emissions between the 4th-5th Ring Road was the highest, exceeding 20% of total commuting-related CO2 emissions. Outside the 6th Ring Road, average individual/household commuting-related CO2 emissions recorded a gradual decline. With the continuous development of Beijing's social economy, commuting distance, the proportion of car trips, and commuting-related CO2 emissions of residents has increased, and the proportion of nonmotorized modes of travel has gradually decreased. Even though Beijing has already implemented public transport priority measures, the level of public transport services is relatively good. However, car ownership in Beijing has remained high for a long time. The increase in average individual/household commuting-related CO2 emissions was caused by the high-income groups that own cars and live on the outskirts of the city. The change trends of the average individual/household commuting-related CO 2 emissions by Ring Road in Beijing are shown in Figure 11 . Average individual/household commuting-related CO 2 emissions inside the main urban areas showed a gradual trend of growth. The growth trends of commuting-related CO 2 emissions between the 3rd-5th Ring Road was the largest. Average individual/household commuting-related CO 2 emissions between the 4th-5th Ring Road was the highest, exceeding 20% of total commuting-related CO 2 emissions. Outside the 6th Ring Road, average individual/household commuting-related CO 2 emissions recorded a gradual decline. With the continuous development of Beijing's social economy, commuting distance, the proportion of car trips, and commuting-related CO 2 emissions of residents has increased, and the proportion of non-motorized modes of travel has gradually decreased. Even though Beijing has already implemented public transport priority measures, the level of public transport services is relatively good. However, car ownership in Beijing has remained high for a long time. The increase in average individual/household commuting-related CO 2 emissions was caused by the high-income groups that own cars and live on the outskirts of the city. Sustainability 2018, 10, x FOR PEER REVIEW 16 of 23 Figure 11 . Average commuting-related CO2 emissions by Ring Roads in Beijing.
Influencing Mechanisms for Commuting-Related CO2 Emissions
The relationship between individual/household social economic attributes and commutingrelated CO2 emissions is shown in Figure 12 . Commuting-related CO2 emissions of male residents are notably higher than those for female residents and, compared to other age groups, residents aged between 30-50 years accounts for the largest proportion of commuting-related CO2 emissions; people over 50 years old accounted for the lowest levels. At the same time, results show that commuters working for foreign companies and government agencies account for a large proportion of commuting-related CO2 emissions; commuters working in government agencies account for more than the average person's carbon emissions, followed by private enterprises and state-owned enterprises. The smallest amount of commuting-related CO2 emissions was associated to people working in public institutions. Results for education background indicate a general increasing trend of commuting-related CO2 emissions as educational background increases. However, the trend of increase in different stages differs. The increasing trend of commuting-related CO2 emissions from high school or technical secondary school to college education is the largest; junior college to undergraduate or masterʹs degree recorded a reduction in the rate of increase. At the PhD level, commuter travel carbon emissions are slightly less than commuters with either a bachelor or a master's degree. With an increase in household monthly income, commuting-related CO2 emissions gradually increase. When household monthly income increased from 5000-10,000 to 10,000-20,000 CNY and from 20,000-40,000 CNY to more than 40,000 CNY, the increasing trend of household commuting-related CO2 emissions was larger. Commuting-related CO2 emissions of family-owned cars were significantly larger than those without cars. According to previous studies [22] [23] [24] [25] , an individual's age, education background, family income, and car ownership affects carbon emissions related to urban transport. According to findings in this study (Figure 12 ), there is not only a certain correlation between personal gender, age, education background, family income, car ownership, and carbon emissions from commuter travel, a certain relevance also exists between occupation and commuting-related CO2 emissions. 
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The relationship between individual/household social economic attributes and commuting-related CO 2 emissions is shown in Figure 12 . Commuting-related CO 2 emissions of male residents are notably higher than those for female residents and, compared to other age groups, residents aged between 30-50 years accounts for the largest proportion of commuting-related CO 2 emissions; people over 50 years old accounted for the lowest levels. At the same time, results show that commuters working for foreign companies and government agencies account for a large proportion of commuting-related CO 2 emissions; commuters working in government agencies account for more than the average person's carbon emissions, followed by private enterprises and state-owned enterprises. The smallest amount of commuting-related CO 2 emissions was associated to people working in public institutions. Results for education background indicate a general increasing trend of commuting-related CO 2 emissions as educational background increases. However, the trend of increase in different stages differs. The increasing trend of commuting-related CO 2 emissions from high school or technical secondary school to college education is the largest; junior college to undergraduate or master's degree recorded a reduction in the rate of increase. At the PhD level, commuter travel carbon emissions are slightly less than commuters with either a bachelor or a master's degree. With an increase in household monthly income, commuting-related CO 2 emissions gradually increase. When household monthly income increased from 5000-10,000 to 10,000-20,000 CNY and from 20,000-40,000 CNY to more than 40,000 CNY, the increasing trend of household commuting-related CO 2 emissions was larger. Commuting-related CO 2 emissions of family-owned cars were significantly larger than those without cars. According to previous studies [22] [23] [24] [25] , an individual's age, education background, family income, and car ownership affects carbon emissions related to urban transport. According to findings in this study (Figure 12 ), there is not only a certain correlation between personal gender, age, education background, family income, car ownership, and carbon emissions from commuter travel, a certain relevance also exists between occupation and commuting-related CO 2 emissions. Based on this analysis, the analysis module of the Stata software was used to evaluate the combination of various independent variables to obtain the optimal CO2 emissions model for individuals/households. In the Tobit model for individual/household commuting-related CO2 emissions, the dependent variable was individual/household commuting-related CO2 emissions and the potential independent variables were household car availability, commuter's age, occupation type, education background, household annual income, household tenure, household location separated by Ring Roads, and straight-line distance from the household to the city center. Table 3 shows the optimal result for running the model. The equation of the individual/household commuting-related CO2 emissions model in Beijing is as follows: Based on this analysis, the analysis module of the Stata software was used to evaluate the combination of various independent variables to obtain the optimal CO 2 emissions model for individuals/households. In the Tobit model for individual/household commuting-related CO 2 emissions, the dependent variable was individual/household commuting-related CO 2 emissions and the potential independent variables were household car availability, commuter's age, occupation type, education background, household annual income, household tenure, household location separated by Ring Roads, and straight-line distance from the household to the city center. Table 3 shows the optimal result for running the model. The equation of the individual/household commuting-related CO 2 emissions model in Beijing is as follows: Compared to other factors, car availability is an important factor affecting individual/household commuting-related CO 2 emissions. Household location separated by Ring Roads may also affect commuting-related CO 2 emissions. As the distance to the city center increases, commuting-related CO 2 emissions of individuals/households located in the outer areas increases. At the same time, our findings also showed that the type of occupation also has a certain influence on individual commuting-related CO 2 emissions. CO 2 emissions of commuters working in foreign companies were greater than those of commuters working in government and public institutions in Beijing. Household monthly income also has a certain influence on household commuting-related CO 2 emissions. Results indicated that a monthly income below 1000 CNY was not significant, indicating that the variable had no effect on the household commuting-related CO 2 emissions. The parameter value for monthly incomes greater than 40,000 CNY was the highest among the independent variables. With an increase of household income, household commuting-related CO 2 emissions also increased.
To quantify the uncertainty in the model parameters, a bootstrapping technique was applied to estimate the standard errors and confidence intervals of the parameters [39] [40] [41] . Since bootstrap replications should be more than 500 or 1000 times, as per Efron and Tibshirani [41], we applied 1000 bootstrap replications for the estimation of the confidence intervals. The parameter values and standard errors in Table 4 show a small difference with Table 3 , and the standard error was also small, indicating that the parameter estimation results of the model were more reliable. Table 4 shows that commuters with access to a car, those with a higher income, and those located in the outer regions of the main urban areas produced more CO 2 emissions; however, commuters with lower incomes, no car, and those located in the inner regions of the main urban areas produced fewer emissions. As the distance to the city center increases, commuting-related CO 2 emissions of the individual/household located in the outer areas increase. For commuters with car access and a monthly income of more than 40,000 CNY, these households are the major factor contributing to the increase in the commuting-related CO 2 emissions. Therefore, if there are no measures in the later period, CO 2 emissions from commutes caused by cars in Beijing will gradually increase and become more and more obvious. Commuting-related CO 2 emissions of commuters working in foreign companies are larger than those of commuters working in government and public institutions in Beijing, a result which may be related to short-distance commutes. Therefore, to reduce the increasing trend of Beijing's commuting-related CO 2 emissions, development of the public transport infrastructure, industry, and residential facilities along the outskirts of the city, the Ring Road, and the radix road should increase.
Conclusions
In this study, characteristics of carbon emissions related to commuter travel in Beijing from different perspectives (macro and microscopic) were explored. Initially, a bottom-up approach from a macro perspective was used to analyze the changing trends of carbon emissions due to commuter travel in recent years, and results from this analysis identified the main sources of carbon emission increases affecting transport. Commuting-related CO 2 emissions in Beijing in recent years have presented an increasing trend, and the volume of carbon emissions related to commuting reached 553.68 × 10 4 t in 2014. The average annual growth rate of commuting-related CO 2 emissions was 10.3%. Commuting-related CO 2 emissions generated by car journeys attained 75-80%, this being the main source of transport-related CO 2 emissions in Beijing. In addition, to explore the characteristics and influencing mechanisms of CO 2 emissions, the proportion of commuting modes, commuting distance, and commuting-related CO 2 emissions by Ring Roads was analyzed. We found that high emitters are typically male, have high income levels, and possess at least one car per household. According to our findings, individual income and household car ownership are factors which have the strongest impact on commuting-related CO 2 emissions. The average individual/household commuting-related CO 2 emissions by Ring Road inside the main urban areas of Beijing shows a gradual growth trend. The growth trends of commuting-related CO 2 emissions between the 3rd-5th Ring Road are the largest. Outside the 6th Ring Road, the average individual/household commuting-related CO 2 emissions show a gradual decline.
A commuting-related CO 2 emission model based on Tobit models from the microscopic perspective was constructed to explore the main factors affecting commuting-related CO 2 emissions of individuals/households. Findings identified that household location separated by Ring Roads and the occupation type of residents were important factors affecting CO 2 emissions. Commuters with access to a car, those with a higher income, and those located in the outer regions of the main urban areas produced more CO 2 emissions; commuters with lower incomes, no car access, and those located in the inner regions of the main urban areas produced fewer emissions. For commuters with car availability and a monthly income of more than 40,000 CNY, these households are the major factor contributing to the increase in commuter-related CO 2 emissions. Therefore, if there are no measures in the future, CO 2 emissions from commuting using cars in Beijing will gradually increase and become more and more obvious. To reduce the recent increase in CO 2 emissions associated with commuting, it is recommended that the development of public transport, industry, and residential facilities along the outskirts of the city, the Ring Road, and the radix road are accelerated.
As the largest economy in the developing world, China is now experiencing rapid economic growth, motorization, and urbanization. Commuting is significant in Chinese cities, with commuting times concentrated and traffic frequently congested. As such, it is significant and necessary to reduce the commuting-related CO 2 emissions for the low carbon emission of the transportation development in Chinese cities. To avoid the continuous increase in commuting-related CO 2 emissions, restrictions on car use and prioritizing public transport are the most important traffic demand management measures to be considered. Incorporating these two measures, combined with the location of industries in the suburbs, will reduce the reliance on cars, reduce commuting distances, and subsequently reduce commuting-related CO 2 emissions.
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